Aims Endothelial cells (ECs) constantly exposed to shear flow increase nitric oxide production via the activation of endothelial nitric oxide synthase. Nitric oxide-mediated S-nitrosylation has recently been identified as an important post-translational modification that may alter signalling and/or protein function. S-nitrosylation of endothelial proteins after shear flow treatment has not been fully explored. In this study, the CyDye switch method was utilized to examine S-nitrosylated proteins in ECs after exposure to shear flow. Methods and results Human umbilical vein ECs were subjected to shear flow for 30 min, and S-nitrosylated proteins were detected by the CyDye switch method. In principle, free thiols in proteins become blocked by alkylation, the S-nitrosylated bond is reduced by ascorbate, and then CyDye labels proteins. Proteins that separately labelled with Cy3 or Cy5 were mixed and subjected to two-dimensional gel electrophoresis for further analysis. More than 100 S-nitrosoproteins were detected in static and shear-treated ECs. Among these, 12 major proteins of heterogeneous function showed a significant increase in S-nitrosylation following shear flow. The S-nitrosylated residues in tropomyosin and vimentin, which were localized in the hydrophobic motif of each protein, were identified as Cys170 and Cys328, respectively. Conclusion Post-translational S-nitrosylation of proteins in ECs can be detected by a reliable CyDye switch method. This flow-induced S-nitrosylation of endothelial proteins may be essential for the adaptation and remodelling of ECs under flow conditions.
Introduction
It is well established that the blood flow is a key factor in atherosclerosis. Shear stress, the frictional force from flowing blood, acts on endothelial cells (ECs) and triggers mechanotransducers, thereby inducing multiple signalling pathways. [1] [2] [3] ECs subjected to steady laminar blood flow suppressed atherogenesis, whereas ECs in regions of disrupted shear or low flow have pro-inflammatory characteristics and show poor alignment, oxidative stress, and expression of inflammatory genes. [4] [5] [6] Steady laminar shear flow provides atheroprotection of ECs by increasing the expression of superoxide dismutase and heme oxygenase-1 as well as decreasing the expression of thioredoxin-interacting protein. 4, 5 Interestingly, shear flow also activates endothelial nitric oxide synthase (eNOS) via the PI3K/Akt pathway, leading to an increase in nitric oxide (NO) production. 2 NO regulates blood flow and exerts antiinflammatory effects via a cGMP-dependent manner. 6 Intriguingly, recent studies have shown that NO, possibly in its S-nitrosothiol form, can interact with a susceptible cysteine residue, resulting in S-nitrosylation that then modulates the intracellular signalling and enzyme activitity. 7 Thus, S-nitrosylation has emerged as a fundamental post-translational modification of proteins, particularly when activated cells encounter an increase in endogenous or exogenous NO sources. 8, 9 S-nitrosylation of proteins plays an important role in the modulation of cardiovascular function. 10, 11 ECs under shear flow may respond by increasing S-nitrosylation of proteins, thus modulating cellular functions. Despite the physiological significance of protein S-nitrosylation, there is limited information on which proteins become S-nitrosylated in ECs in response to different hemodynamic conditions. 12, 13 The biotin switch method, in which ascorbate reduces the S-NO bond followed by biotin replacement, was initially developed to label S-nitrosoproteins. 14, 15 Avidin was used to isolate biotin-labelled proteins. The specificity of this method was recently confirmed when the labelling reaction was performed in the dark. 16 However, the scarcity of S-nitrosoproteins in cells coupled with the labile properties of the S-NO bond has prohibited a comprehensive study of this post-translational modification. [17] [18] [19] For differential analysis of S-nitrosoprotein expression, two-dimensional fluorescence difference gel electrophoresis (2-D DIGE) has been performed by pre-labelling sample proteins with different fluorescent dyes, followed by two-dimensional electrophoresis . 20 Instead of biotin replacement, ascorbate-reduced cysteine was labelled with CyDye. CyDye TM DIGE fluor Cy3 and Cy5 dyes have a maleimide group that forms a thioether bond with the free thiol of cysteines in proteins. The CyDye DIGE fluor dyes are neutral, ensuring that the pI of each protein is not altered after labelling. In contrast to the routine use of CyDye for screening protein translation, our current study utilized differential CyDye labelling to analyse changes in S-nitrosylation on reactive cysteine residues in endothelial proteins collected after shear flow treatment. CyDyelabelled proteins from control and shear-treated samples were mixed and subjected to 2-DE, followed by proteomic analysis with mass spectrometry (MS).
In this report, we show that more than 100 proteins were S-nitrosylated in ECs. Among those, 12 major proteins were shown to have a significant increase in S-nitrosylation after 30 min of shear flow. In addition, the S-nitrosylated residues of tropomyosin and vimentin were identified as the cysteine residue located in the hydrophobic motif of each protein.
These proteins with increased S-nitrosylation in ECs under shear flow maybe essential for maintenance of endothelial integrity and thus warrant further investigation.
Methods

Cell culture and shear flow setup
ECs were isolated from human umbilical cords as described 21 using procedures approved by the Wan Fang Hospital, Taipei. The investigation conformed with the principles outlined in the Declaration of Helsinki for the use of human tissue or subjects. ECs were exposed to shear flow (25 dynes/cm 2 ) for 30 min in a well-defined parallelplate flow chamber system. 21 ECs were pre-treated with N G -nitro-L-arginine methyl ester (L-NAME, 1 mM) overnight followed by shear treatment for 30 min in the presence of L-NAME. In some experiments, ECs were directly incubated with the NO donor S-nitroso-N-acetylpenicillamine (SNAP, 1 mM) for 30 min. Both chemicals were purchased from Calbiochem (San Diego, CA, USA).
CyDye switch method
In principle, the CyDye switch method is a modified version of the biotin switch protocol 22 in which biotin is replaced by a CyDye (Figure 1 ). For this method, ECs were lysed in a buffer containing 0.25 M HEPES, pH 7.7, 1 mM EDTA, 0.1 mM neocuproine, and 0.4% w/v CHAPS. Free cysteine thiols were immediately blocked by alkylation with 4 volumes of 20 mM methyl methanethiosulfonate (MMTS) in buffer containing 0.25 M HEPES, pH 7.7, 0.9 mM EDTA, 0.09 mM neocuproine, and 2.5% (w/v) of SDS at 508C for 20 min. Excess MMTS was removed by washing with cold acetone, and the dried protein pellet was suspended in a buffer containing 0.25 M HEPES, pH 7.7, 1 mM EDTA, 0.1 mM neocuproine, and 1% w/v SDS. The S-nitrosylated cysteine thiols (S-nitrothiols) were then reduced into free thiols (Cys-S-NO S Cys-SH) by 1 mM ascorbate at room temperature for 1 h. Excess ascorbate was removed by washing with cold acetone again. All the reactions above were performed in the dark. The dried pellet was then dissolved in 1Â CyDye labelling buffer (7 M urea, 2 M thiourea, 4% w/v CHAPS, pH 7.8-8.2) for analytical or preparative 2-D DIGE. The analytical 2-D DIGE was performed with a minimal sample for the screening and selection of S-nitrosoproteins, whereas the preparative 2-D DIGE that required a larger sample was used for S-nitrosoprotein pecking and MS analysis. In this study, for analytical 2-D DIGE, a small aliquot of ascorbate-reduced lysate (50 mg) extracted from static-or sheartreated ECs was labelled with the respective CyDye (4 nmol, Cy3 for static and Cy5 for shear). The labelling reaction was performed at 378C for 30 min, and the reaction was terminated by adding an equal volume of 2Â CyDye labelling buffer containing 2% v/v IPG buffer (GE Healthcare, Piscataway, NJ, USA), pH 4-7, 0.13 M DTT. To prevent the disulfide bond of Cys-S-S-Cys being reduced to Cys-SH form during the CyDye labelling process as described in the standard protocol for CyDye saturation labelling, the reduced agent tris-[2-carboxyethyl]-phosphine (TCEP) was avoided.
Two-dimensional gel electrophoresis and image analysis
The CyDye (Cy3 and Cy5)-labelled samples were mixed in a tube, and the volume was adjusted to 340 ml with a buffer containing 8 M urea, 2% w/v CHAPS, 0.5% v/v IPG buffer, pH 4-7. The solution was incubated with a DryStrip gel (18 cm, pH 4-7, GE Healthcare) for 12 h on an Ettan IPGphor machine (GE Healthcare), and isoelectric focusing was performed at 40 kVh. The strip gel was equilibrated for 20 min in buffer containing 6 M urea, 2% w/v SDS, 50 mM Tris-HCl, pH 8.8, and 30% v/v glycerol, and then overlaid on a vertical 10% SDS-PAGE gel. The 2-DE gel was scanned by a Typhoon 9400 scanner (GE Healthcare) with absorption and emission wavelengths for Cy3-labelled (548/560 nm) and Cy5-labelled (641/ 660 nm) proteins. The spot densities were digitally calculated using DeCyder differential analysis software (GE Healthcare).
Protein isolation and in-gel digestion
After the detection of S-nitrosoproteins was confirmed by analytical 2-D DIGE, preparative 2-D DIGE was performed with a large aliquot of ascorbate-reduced lysate (200 mg) extracted from static-or shear-treated ECs that had been labelled with the respective CyDye (20 nmol). This 2-DE gel was stained by VisPRO dye (Visual Protein Biotech, Taipei, Taiwan) for 5 min. Proteins S-nitrosylated to a higher degree after shear flow (Cy5/Cy3 .1.5, i.e. orange to red colour) that had been previously determined by the analytical 2-D DIGE were pecked from this preparative 2-D DIGE gel and subjected to in-gel digestion as described for the In-Gel Tryptic Digestion kit (Pierce, Rockford, IL, USA).
Mass spectrometric analysis
Peptides resulting from trypsin digestion were desalted with a Proteomics C18 column (C SUN Ltd, Taipei, Taiwan) and analysed with MS using a CapLC/Q-TOF apparatus (Micromass, Manchester, UK). MS data were searched against the SwissProt database using the MASCOT in-house search program (Matrixscience, London, UK). The CyDye-bound cysteine sites (i.e. S-nitrosylation sites) were analysed by the shift in mass (Cy3: 672.8 Da, Cy5: 684.8 Da) with the ESI-QUAD-TOF apparatus. The mass value was set as monoisotopic, the Peptide Mass Tolerance was fixed at +0.4 Da, and the Max Missed Cleavages was set as 1. The hydrophobicity of protein residues with S-nitrosylation was analysed by HYDROPHOBICITY PLOT software (http://www.bmm.icnet.uk/~offman01/hydro.html).
Results
The CyDye switch method and the specificity of S-nitrosylation
The biotin switch method has been widely used for the study of S-nitrosylation of proteins. 18, 19 Using this method, only trace (,0.002%) endogenous proteins from static-or shear- ECs were lysed, and aliquots were incubated with MMTS to alkylate free cysteine thiols. The remaining S-nitrosylated cysteines (-S-NO) were reduced to free thiol (-SH) by ascorbate followed by CyDye (Cy3 or Cy5) labelling. Static-(Cy3) and shear-treated (Cy5) samples were mixed. 2-D DIGE was performed, and the results were analysed with the different absorption and emission wavelengths for Cy3 (548/560 nm) and Cy5 (641/660 nm). The corresponding protein spots visualized in the VisPRO-stained gel were collected and digested by trypsin followed by MS/MS spectrometric analysis for the determination of the CyDye binding site.
treated ECs were shown to be S-nitrosylated as evidenced by the biotin-labelled proteins that were pulled down by avidin ( Figure 1A ), indicating that the detection level was very low for these trace S-nitrosylated proteins (data not shown). To enhance the detection efficiency of S-nitrosoproteins, biotin was replaced by CyDye (Cy3 or Cy5) to label ascorbate-reduced cysteines in proteins collected from static-or shear-treated ECs ( Figure 1B) . These CyDyelabelled proteins were mixed and subjected to 2-DE. Enhanced S-nitrosylation of proteins from shear-treated ECs was shown as an increase in Cy5-labelling. These S-nitrosylated proteins were collected and subjected to in-gel trypsin digestion followed by MS analysis. To ensure that Cy3 and Cy5 reacted equally with the ascorbate-reduced cysteines, an equivalent amount (50 mg) of sample lysates from static control ECs was labelled either with Cy3 or Cy5 followed by analysis with analytical 2-D DIGE (Figure 2) . The distribution of Cy3-and Cy5-labelled proteins was very similar between lysates collected from whole cells, MMTS-treated, or ascorbate-reduced samples. A Cy5/Cy3 fluorescence intensity ratio of 1 (yellow colour) for each candidate protein in the merged panel indicates that there is no difference in the preference of Cy3 and Cy5 to label reactive cysteine residues ( Figure 2A , merged panel).
Furthermore, a significant decrease in CyDye-labelled proteins (120 reduced to 20 protein spots) was noted from the lysate after MMTS treatment, which was designed to block all free thiols. In contrast, the subsequent ascorbate-reduced protein lysate showed a significant increase in CyDye-labelled proteins (20 increased to 100 protein spots) (Figure 2A) . The CyDye reaction with free thiols in proteins from various preparations is illustrated in the schematic diagram ( Figure 2B) . Our results confirm the specificity of this CyDye switch method for the detection of S-nitrosylated proteins.
Enhanced S-nitrosylation in ECs under shear flow is mediated by NO derived from eNOS activation
As shown in the Figure 3A , more than 100 S-nitrosylated proteins were detected in ECs under static condition. Among those, approximately 12 major proteins showed increased S-nitrosylation (Cy5/Cy3.1.5, orange to red colour) after shear flow. To investigate whether the shear flow-enhanced S-nitrosylation was eNOS dependent, ECs were treated with the eNOS inhibitor, L-NAME. Proteins collected from sheartreated ECs pre-incubated with L-NAME were labelled with Cy5, and the proteins collected from shear-treated ECs not pre-incubated with L-NAME were labelled with Cy3. Analytical 2-D DIGE revealed that inhibition of eNOS significantly decreased the S-nitrosylation of these 12 shear flowenhanced S-nitrosoproteins (pale yellow to green colour) compared with shear flow-treated ECs not pre-treated with L-NAME ( Figure 3B) . These results show that eNOS activation is essential for the shear flow-enhanced S-nitrosylation of these 12 proteins.
To further demonstrate that NO S-nitrosylates endothelial proteins, ECs were treated with the NO donor SNAP (1 mM) and l-cysteine (1 mM) as an NO carrier for 30 min. As shown in Figure 3B , 8 of the 12 proteins were found to have increased S-nitrosylation following SNAP treatment; an increase in S-nitrosylation was not observed for heat shock protein 70 (HSP70; spot 3), protein disulfide isomerase A3 precursor (PDI A3; spot 4), vimentin (spot 6), and nucleophosmin (spot 8). These results are consistent with the notion that exposure of ECs to shear flow results in increased NO production via eNOS activation, leading to an increase in the S-nitrosylation of certain endothelial proteins. 17 
Identification of S-nitrosylated proteins and the site of S-nitrosylation
ECs subjected to shear flow contained proteins with increased S-nitrosylation, as revealed by analytical 2-D DIGE. To identify EC proteins for which S-nitrosylation was increased in response to shear flow, and to determine the site of Snitrosylation, larger amounts of CyDye-labelled samples from shear flow-treated (Cy5) and static-treated (Cy3) ECs were mixed and then separated by preparative 2-D DIGE. After gel pecking and in-gel digestion, the 12 S-nitrosylated proteins were identified by the MASCOT algorithm ( Table 1) . Further analysis of the trypsin-digested peptides using the MASCOT algorithm showed that the CyDye binding site was Cys170 of tropomyosin 3 (mass shift of Cy3: 672.8 Da) and Cys328 of vimentin (mass shift of Cy5: 684.8 Da) ( Figure 4A,  B, D, and E) . The S-nitrosylated site in each of these two proteins was located in a hydrophobic motif ( Figure 4C and F) . F ) were collected from three separate slabs from preparative 2-D DIGE gels (400 mg of mixed sample) after VisPRO staining. The trypsinized peptides were analysed with the SwissProt database using the MASCOT algorithm by setting a peptide tolerance of 300 ppm. The trypsinized peptides with CyDye-bound cysteines were determined with a mass shift of either 672.8 Da (Cy3) or 684.8 Da (Cy5). The S-nitrosylated cysteine is boxed in the identified peptide (grey box; A and D). The MS/MS analysis of CyDye-bound peptide is shown as a peak list (B and E). The hydrophobicity of CyDye-bound cysteines (tropomyosin 3: Cys170; vimentin: Cys328) was predicted by HYDROPHOBICITY PLOT software (C and F ).
Taken together, our results demonstrate that subjecting ECs to shear flow increases intracellular NO levels via eNOS activation, which then leads to an increase in S-nitrosylation of certain endothelial proteins. This shear flow-enhanced S-nitrosylation may be essential for endothelial adaptation or remodelling under flow conditions.
Discussion
The details of the protective mechanism by which NO modulates endothelial responses to mechanical stimuli are complex and remain unclear. However, subjecting ECs to laminar shear flow stimulates eNOS activation via the PI3K/Akt signalling pathway, and the resulting production of NO is crucial for vascular function. [3] [4] [5] We have previously shown that endogenous NO suppresses the expression of early growth response-1 and monocyte chemotactic protein-1 in ECs under shear flow conditions. 21, 23 Our recent studies also indicated that NO mediates the attenuation of interleukin 6-and interferon g-induced STAT3/ STAT1 activity in cells subjected to shear flow. 24, 25 These NO-mediated protective effects on ECs appear to be cGMP independent.
The S-nitrosylation in ECs is shear force-dependent because ECs subjected to lower (12 dynes/cm 2 ) shear stress induced less S-nitrosylation as compared to those with higher shear stress (25 dynes/cm 2 ) (see Supplementary material online, Figure) . These results are consistent with the notion that endothelial NO production is shear forcedependent. 17 Furthermore, ECs under shear flow for 2 h did not further increase the S-nitrosylation as compared to those with 30 min sheared group (see Supplementary material online, Figure) . This indicates that shear flow-induced S-nitrosylation is an acute response as well as a sustained one. Shear flow-induced S-nitrosylation was suppressed in ECs pre-treated with an eNOS inhibitor, confirming that S-nitrosylation induced by shear flow is eNOS-dependent. Interestingly, ECs treated with an NO donor (SNAP) S-nitrosylated only a subset of the proteins that became S-nitrosylated by shear flow. The discrepancy between the shear flow-and NO donor-induced Snitrosylated proteins is unclear. The spatiotemporal conditions in which eNOS and NO-target proteins are colocalized within subcellular compartments may determine the selectivity of S-nitrosylation in ECs under flow. 8, 26 Our results also show that the S-nitrosylated sites in tropomyosin and vimentin are Cys170 and Cys328, respectively; each of these residues is located in a hydrophobic sequence, consistent with the notion that S-nitrosylation of cysteine residues primarily occurs in a hydrophobic environment. 26 We identified 12 proteins that showed a significant increase in S-nitrosylation under shear flow. These proteins are heterogeneous in function, including proteins involved in redox regulation, protein degradation, cell proliferation, and cell defence. Among these proteins, vimentin has been demonstrated to be a target of S-nitrosylation. 18, 27 Transitional endoplasmic reticulum ATPase (spot 1) is involved in various physiological processes including cell cycle and ubiquitin-proteasome proteolysis. 28, 29 Associated molecule with the SH3 domain of STAM-like protein (AMSH-LP; spot 11) belongs to the family of metalloproteases and acts as a ubiquitin-specific isopeptidase in early endosomes. 30, 31 Whether the S-nitrosylation of these proteins has any physiological significance remains unclear. Mitochondria HSP70 (mt-HSP70; spot 2) plays a role in folding and assembly of nuclear-encoded proteins for transport to mitochondria. 32 mt-HSP70 also protects mitochondria from ischaemia/reperfusion-induced damage. 33 Whether the S-nitrosylation of mt-HSP70 exerts a protective effect on ECs remains to be determined. Heat shock transcription factor 2 (HSF2; spot 12) is a member of the HSF family that modulates thioredoxin transcription under oxidative stress.
34 HSF2-activated HSP70 protects the myocardium from ischaemic injury. 35 Considering the protective role for HSPs in cells under stress, 36 it will be important to elucidate the functional role of S-nitrosylated HSF2 in ECs. PDI (spot 7) catalyzes the formation and dissociation of disulfide bonds between cysteine residues within proteins under pathophysiological conditions including hypoxia and ischaemia. 37, 38 A recent study showed that S-nitrosylation of PDI in neurons led to protein misfolding and resulted in neurodegeneration. 39 S-nitrosylation of PDI was detected in ECs from shear flow-and NO-treated cells. PDI A3 precursor (spot 4) was found to have increased S-nitrosylation in ECs under flow ( Figure 3C ). S-nitrosylation of these proteins may be physiologically important for maintaining endothelial integrity.
On average, cysteine residues make up 2% of a protein. It is therefore technically challenging to detect S-nitrosylated proteins in cells under normal as well as stress conditions.
14 Despite methods such as DyLight-switch 2-D DIGE 40 and SNOSID, 26 which were developed to screen S-nitrosylated proteins, the CyDye-switch 2-D DIGE method we used is considered to be a reliable, convenient, and sensitive method, partly due to the net neutral charge after protein labelling and the minimal amount of protein required for detection. In this study, more than 100 S-nitrosylated proteins were detected from 50 mg of CyDye-switched lysate derived from ascorbate-reduced protein mixtures from one endothelial culture slide. In addition, protein staining with VisPRO fast stain dye avoids protein fixation and thus greatly improves the yield of trypsic peptides from the gel, facilitating the subsequent identification by MS analysis of the S-nitrosylated residue in the protein.
A decrease in NO bioavailability in ECs during oxidative stress leads to endothelial dysfunction. 41 Laminar shear flow increases NO levels that down-regulate both superoxide formation and the expression of NADPH oxidase subunits (both mRNA and protein), which produces the majority of reactive oxygen species in ECs. 42 In addition to this antioxidant property, NO can also trigger redox-sensitive signalling mechanisms. 43 One important aspect underlying this redox signalling is the reversible, covalent modification of specific thiol groups that reside within the active sites of certain enzymes which can alter their function. Oxidative modification of cysteines can convert a free thiol to sulfenic acid, which transiently inhibits enzyme activity. Further oxidation to cysteine sulfinylation of proteins is likely to be an irreversible modification. 44, 45 However, S-nitrosylation of cysteines is readily reversible, 8 particularly through transnitrosation with intracellular glutathione. S-nitrosylation of redox-sensitive proteins such as thioredoxin 46 and peroxiredoxins 27, 47 has been reported to modulate their activity. We recently demonstrated that cysteine S-nitrosylation prevented the redox-sensitive protein tyrosine phosphatase 1B from being permanently inactivated during oxidative stress. 48 Although the functional role of S-nitrosylation of proteins remains to be defined, we speculate that shear flow-induced S-nitrosylation of reactive cysteine residues in proteins may be protective against oxidative modification of redox-sensitive proteins.
Taken together, we have utilized the CyDye method to identify S-nitrosylated proteins in ECs exposed to shear flow. We identified eNOS-dependent S-nitrosylated proteins that are heterogeneous in function. Although the functional roles of S-nitrosylation in these proteins are not clear, Snitrosylation may be essential for endothelial adaptation and remodelling under flow conditions. The downstream effects and physiological significance of S-nitrosylation remain unclear, and further investigation is warranted.
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